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A WIND-TUNNEL INVESTIGATION OF 
THE AERODYNAMIC CHARACTERISTICS OF BODIES OP REVOLUTION 
AT MACH NUMBERS OF 2.37, 2.98, AND 3^90 
AT ANGLES OF ATTACK TO 9O 0 * 

By Fred M. Smith 
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An experimental investigation baa been conducted on bodies of rev- 
olution in the iangley high Mach number Jet at Mach numbers of 2.37* 

2.98* and 3*90 and Reynolds numbers of O.98 x 10^ to 1.37 x 10^ per inch 
a + angles of attack to 90 °. The investigation was made to determine the 
effects on the high-angle aerodynamic characteristics produced by blunting 
a pointed ogival nose to hemispherical, by changing the face shape of a 
cylindrical nose from concave hemispherical to convex hemispherical, and 
by adding afterbodies of several lengths to the noses. 


Results indicate that the force and stability characteristics were 
more dependent upon the planform area and area distribution than upon 
the particular shape or bluntnese of the noses. The cross-flow drag 
theory, used to correlate the experimental normal-force data, accounted 
for angle of attack and stream Mach number for the tests of a flat-face 
circular cylinder. 


In comparisons of the experimental results with the results from 
several variations of Newtonian impact theory, the unmodified theory 
most accurately (not satisfactorily) predicted the experimental results. 


INTRODUCTION 



Numerous wind-tunnel investigations have been made to determine the 
aercKlynamic characteristics of bodies of revolution having simple, basic 
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shapes at supersonic speeds /for angles of attack to 25° v,refs. 1 to 9, 
for example), hut fev experimental Investigations have been made on 
bodies with these shapes at angles of attack much above J0° or 40° 

(refs. 10 and 11). Data from such high-angle investigations would have 
application in the design of missiles which could be fired from super- 
sonic aircraft normal to the airstream, or in the design of ballistic 
missiles which might reenter the earth's atmosphere at attitudes 
approaching 90°. In any investigation involving flight at supersonic 
speeds, the effects of aerodynamic heating must be considered, and con- 
sideration of this factor requires a certain amount of blunting for nose 
survival at supersonic speeds. To determine the effect of this nose 
bluntpess on the aerodynamic characteristics of missile-like configura- 
tions,- a low-angle (0° to 26°) investigation was conducted on bodies of 
revolution in earlier wind-tunnel tests wherein a systematic variation 
; in host bluntness was studied. Results of this investigation were 
•- " r e ported in reference 9. 

In order to determine the high-angle aerodynamic characteristics of 
the models of reference 9 end, thereby, provide insight into the high- 
angle aerodynamic problems, the investigation of reference 9 has been 
extended t.o include tests at angles of attack to 90°. These additional 
tests were made with the same models described in reference 9 at angles 
of attack of 30° to 9°°» Mach numbers of 2.37, 2.98, and 3-90, and 
Reynolds numbers of 2.'9 X 106 to 12.3 x 1CP based on body length. 


SYMBOIS 


The forces and moments of ths present investigation are referred 
to the body axes, and the reference center of moments is located at the 
30-percent body- length station, regardless of whether the body consists 
of a nose configuration alone or a nose configuration in combination 
with an afterbody. 
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normal -force coefficient based on planform area, -2- 

q- 

maximum body diameter 

face shape ratio (uBed with the cylindrical -nose configurations) 
normal force 

total body length’ tmay be nose alone or noee plus afterbody) 
afterbody length 
nose length 

free -stream Mach number 

normal or cross-flow Mach number, M sin a 

free-etreau static pressure 

stagnation pressure in front of normal shock 

stagnation pressure behind normal shock 
free -stream dynamic pressure, £ pM p 

normal or cross-flow dynamic pressure, £ P% 2 

tip radius of ogival noses and face radius of cylindrical noses 

(fig. i) 

noee bluntness ratio (used with the ogival -nose configurations) 
radius of curvature (fig. l) 
body planform area 

x 

center-of-preBsure location, measured fran nose 
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APPARATUS AHD TESTS 


The tests were conducted in the Ixngley high Mach number ^et for 
which Mach number variations were obtained with interchangeable nozzles. 
The Mach nimbers and other test variables are given in the following 
table: 


M 

p t,:» 

Reynolds number 

lb/sq in. sbs 

per inch 

2.37 

50 

O.98 x 10 6 

2.98 

75 

1.09 

3-90 •* 

150 

i 

1.37 


The stagnation temperature varied from approximately 75° F to approx- 
imately 30° F during each test. The Reynolds numbers were computed for 
an average temperature of 30° F. The models were sting-mounted on a 
two- component internal strain-gage balance which was used to measure 
normal force and pitching moment. The angle-of- attack range of y>° to 
90° was covered in 15° increments by Inserting the model sting into 
blocks, each of which had a hole bored at one of the angles of attack. 
These blocks Here mounted in a plate on the tunnel sidewall and were st‘ 
before each test was begun. The angles of attack were corrected for 
sting deflections under load. 

Tests were made with air having leas than 5 x 10" ^ pounds of water 
per pound of dry air, which eliminated water- condensation effects. The 
test-section static temperature end pressure did not reach values for 
which liquefaction would occur. 


MODELS 


The models of this investigation (figs. 1 and 2) were the same as 
-those described In reference 9* The fineness -ratio-5 afterbody was too 
long for the tunnel test section at the hi*jh angles of the present inves- 
tigation and was necessarily emitted from she testing. Two series of 
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QO»e configurations wen* tested; the first series, identified herein as 
ogival (fig. 1(a)), had profiles formed by circular arcs tangent at the 
tips to spheres with radii r of 0, 0. 10, 0.20, and 0.50 tne maximum 
body radius d/2 and tangent at the rearward end to the maximum body 
diameter. The second aeris6 of noses (fig. 1(b)) consisted of right- 
circular cylinders (infinite ogives) with convex, flat, and concave faces 
and in rhe strictest sense could not be classed as noseG but in this dis- 
cussion are designated as cylindrical noses. The cylindrical nose with 
the con/ex hemispherical face is discussed with both series of noses rnd 
serves es the end-point configuration of both series. 

In order to determine the effect of nose length (nose fineness 
ratio Ij}/d), three of the ogival noses with the same bluntness ratio 
(2r/d = 0.20) had fineness ratios of 5, 5> and 1 . All the other noses 
had nominal fineness ratios of 5* The noses were tested alone and in 
combination with cylindrical afterbodies (fig. 1(c)) having fineness 
ratios I^/d of 1, 2, and 5 for a range of overall fiaeness ratio i/d 

of 3 to 9* 


ACCURACY 


The maximum inaccuracies cf the experimental tingles, force coeffi- 
cients, and moment coefficients, due to balance and readout equipment 
limitations, and the average repeatability of the system have been esti- 
mated and are presented in the folicving tulle: 


a, deg . 
°K> c D,c 


V 


Cm 


Cm 


! 


±0.25 

±0.150 

10.050 

±0.150 

±0.050 


RESULTS AND DISCUSSION 


Pitching -moment And normal-force coefficients are presented in fig- 
ures 3 a*?d 4 as functions of angle of attack and in figures 5 tad 6 as 
flections of nose bluntneee and nose shape. The geometric parameter 
used to define the ogival-nose blurtneaa is 2r/d (called the noae 
bluutnefi.i rrtio)., and the geometric parameter used to define the cylin- 
drical mieo shape is d/2r (called the face shape ratio). The inverse 
-«f the nose bluntneas ratio was used fear the cylindrical noses to avoid 
tue problem of plotting infinity, figure 7 preaents a correlation of 



experis^nt&l and Cj; for several models based on plsnform area. 

Nondi&iensiuael centers of pressure are given in figures 8 and 9 ss func- 
tions of angle of attack; nose bluntness, and nose face shape. Figures 10 
and ll present C m and Cjj for several configurations as functions of 
afterbody length and rose length. Figure 12 presents a comparison of 
experimental snd theoretical normal force ^or severe! representative 
configurations . Figure 15 presents a correlation of the experinv al 
normal-force data for the flat- face circular cylinder. In this _.gure 
the crose-flw drag coefficient is plotted against the cross-flow (normal) 
Meet number. 


Nose Bluatnees 

The effects of nose bluntness on the aerodynamic characteristics of 
several ogival noses alone and in combination with a fineness-ratio-2 
afterbody are shown in figures 3, 5> 8(a), and 9(a) for the three Mach 
numbere - 

MoxtorI force .- Figures 3 and 5 show that increasing the nose blunt- 
ness from pointed ogival to heaisphericel produces large in. reuses in 
Cfj (up to 55 pc- cent at a * 90°, M « 2.9&, fig- 3(a))- The magnitude 

of the increase is shown to he approximately the same for the nosea alone 
(figs. 3(a) and 5(a)) it is for the noaes in confcination with a 

fineness-rat io-2 afterbody (figs. 3(b) and 5(b)). This similarity indi- 
cates that bluntneas effects on the carryover normal force from the noses 
to the afterbodies wu small. The curves of figure 5 show that the 
increase in Cjj is essentially linear with increasing nose bluntness. 
Because the nose planfom arcs also increases approximately linearly with 
increasing nose bluntneaa, the increase in Cg is assumed to result from 

the increased area, especially at the higher angles of attack. Figure 7 
presents further evidence that the normal, force for bodies of revolution 
is dependent upon the planfom area of the bodies. Shown in this figure 
ar.v'data for the pointed ogival nose with and without a fineness-ratio-2 
afterbody, along with the data for the flat-face circular cylinder, also 
with e*id without the fineness-ratio-2 efteroody. When referred to the 
body frontal area (unflagged eytfeola, unpriced coefficients) the data 
for the four configurations are widely spread, but when referred to the 
planfom area (flagged symbols, primed coefficients) the spread between 
the data diminishes and the data very nearly collapse into one curve . 

Pitching moment mad center of pressure .- There are same inconsist- 
encies in Co fer the hoses al ne (figs. 3(a) and 5(*)) 80 that stability 
of an ate at a particular poir- is in dodbt. In general, however, it" 
appears that the noses alone are almost neutrally stable, with the blunt- 
est noses being slightly unstable and the sharpest noses being slightly 



stable. The effects of bluntness are more clearly shown in figure 3(b) 
in which the noses are combined with e. fineness- rat io-2 afterbcdy fux 
which each increase in nose bluntness provides an accompanying decrease 
in stability. The reason for this result is explained by the fact that 
an increase in nose bluntness contributes planform area ahead of the 
center of moments. An illustration of the effects on the center of 
pressure of increasing the nose bluntness is shown in figures 8(a) 
and 9(a) where, as in reference 9, the center of pressure generally 
moves forward with each increase in biuntnee::. An exception to thi6 
trend was noted for the hemispherical nose for which the center of pres- 
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rearward movement in center of pressure toward the centroid of planform 
area with increasing angle of attack. This result is attributed to the 
fact that the angle -of- attack effects outweigh the effects of local sur- 
face slope. The trend was noted in reference 2, but the angles of attack 
were too low for positive stability to be reached. 


Face Shape 

The effects of face shape on the aerodynamic characteristics of 
cylindrical noses alone and in combination with a fineness- ratio-2 after- 
body are presented in figures 4, 6, 8(b), and 9(b)* Face shape is defined 
for the cylindrical noses as the ratio of the radius of the base to the 
radius of the nose face profile d/2r. 

Normal force .- Figures 4 and 6 indicate that is essentially 

unaffected by the face shape variation of this investigation. From 
planform-area considerations this result would be expected because the 

difference in areas is less than 2— percent. 

2 


Pitching mo m ent and center of pressure .- The plots of against a 

in figure 4 reveal that in general the cylindrical -voee configurations 
appear to be stable for the angles of attack of this investigation. As 
might be expected, the noses with the convex faces (positive d/2r) i* 
general possess greater stability about the ^-percent body-length sta- 
tion than those with the concave faces (negative d/2r) because there is 
less planform area for the former forward of the refereuc center of 
moments. Specifically, figure 6, which presents C m plotted against 

face shape ratio d/2r, shews e slight negative increase in Cm with 
increasing d/2r for given angles of attack. This negative increase 
in Co is also shown in figure 4. The center- of -pressure results 
(figs. 8(b) and 9(b)) show the same trend in that the center of pressure 
moves rearward with increasing angle of attack and, .less obviously, with 
increasing face shape ratio. 
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Afterbody L&ng+h or Fineness Ratio 

Tho effects of variation in afterbody length on C m and C N for 

the nose configurations this invest if. at ion may be seen in fig ires 3 
to 7 a-ud in figures 10 and 11. With eech increase in afterbody length 
the reference center of moments was shifted to th R nev 50-percent body- 
length station. An increase in afterbody length does not necessarily, 
therefore, produce an automatic stabilizing increment in pitching moment. 

Norma ] force .- Figures 3 to 6 and 11 she * that the addition of an 
afterbody produces increments in Cfl for all configurations and, in 
addition, tends to reduce slight irregularities in the curves. 

(Compare the curves of figs. 3(a) and 3(b).) Figure 10 shows, as does 
figure 7, that the afterbodies produce normal force proportional to their 
planform area since in figure 10 C ^ increases for the ogival nose 
(2r/d = 0.2) almost linearly with increasing body length. 

Pitching moment and center of pressure .- In general, increased after- 
body length for the ogival noses (figs. 3> 5, 7> 10, and 11) results In 

a small stabilizing iicremsr + \ V of the rearward shift in 

centers of pressure (fig*- and *?(*-;)• Increased afterbody length 

for the cylindrical nr*;, 2b iiige*. h, 6, and 7) h±u no appreciable effect 

on Cm, because the ;\cudimenslonaI centers of preset do not change with 

additional bod> (figs. 6(b) and 9(b)). As 1 1.- ter of pressure 

apparently movee * lln changes in uhe center of area, * vs easily under- 
stood why the joses experience changes and tht 1 indrical noses 

do not. 


None Length 

The effects of :n iii noce length on dynamic character- 

istics of an ogival n-j'^ ^2^/d « 0.2) are shown 1;. re 11, in which 
djj increases with incriv ?b.v* ooee leugth. T : ‘*r : is an extension 

of that established in re.‘\u : r : 'i for Le» ;ck greater than 

about 10°. Jt was also estaui . ■ /. --*d ;.:u or o of attack less than 

about 10°, the fineness- ratio- 3 ( rX.-Tiov: . . • ^orter and smaller in 

planform area than the rinenec*~r^*Jx- 5 !;j»- ty about HC percent and 
than the fineness -ratio-7 nose by about <X v-. cut) apparently, because 
of Its greater local surface slope, prcduceo 0^ equal to approximately 
that for the latter two configurations* Also in reference 9 It uae con- 
cluded that the longer noses possessed greater static stability than the 
shorter ones because they more closely approached a stable conical con- 
figuration In the present Investigation, however, as shown for the 
plots of CV in figure 11, tne fineneB8-ratio-5 nose apparently possesses 
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le&s static stability than either the fineness-ratio-*? or t. . firmness- 
ratio-7 nose, a result net reconciled by the conclusions of reference 9* 


Theoretical Comparisons 


Comparisons of experimental and theoretical Oft for ^hree noses, 
representative of the configurations of this investigation, are shown in 
figure 12 as functions of a* The theoretical values of Cy were 


obtained from flat-plate Newtonian theory (2 siu^a), circular -body 
Newtonian theory sin^a, ref. 12 V and modified circular-body 
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Newtonian theory — - sinSx, where — — — is the theoretical 

\ q ta q 

stagnation- ores sure coefficient (ref. 13), and — is the inverse ratio 

6n 

of first two methods used to adapt this theory for application to 


circular bodiesj. The modified Newton tan theory was applied to the 

pointed cgivur nose (fig. 12(a)) and the Iiemispherically faced cylindri- 
cal nose (fig. 12(b)) by use of the method in reference 1^. Thip method 
is very useful in determining local surface slopes and in determining 
integrated pressure coefficients for bodies with curved profiles. The 
third nose of the group, the flat-face cylinder, is shown in figure 12(c). 
Unfortunately, the agreement between experiment theory Is rather poor 
for the three noses in figure 12, as well as for the remaining noses of 
the investigation. Flat-plate theory, os expected, overestimates 

for all three noses, especially at r.he higher angles of attack and higher 
M&ch number. Modified Newtonian, which is presented only for M - c.?7 
and M = 5-90, undercstinate6 Cjj for all three noses and the same ie 

true for the unmodified Newtonian theory. It can be seen, however, th..t 
although none of the predictions are accurate, the unmodified Kewtoni f m 
theory does come closer to predicting the e:cperimental results than the 
other methods, particularly at the two upper Mach numbers. 


The norma., force coefficient for the flat-face circular cylinder is 
plotted in figure lj(a.) &s a function of stream Mach number for angles 
of attack of 30°, 60°, and 90°. With data from reference 10 included, 
the Ma :h number range extends from 2.37 to 6.36. Also ^resented in fig- 
ure lj(a) are additional predictions from the modified and unmodified 
Newtonian theories. Because these are essentially hypersonic the ies, 
the poor agreement between the experimental and theoretical results in 
figures 12 and l?(a) (for M < 4), and the good agreement between experi- 
ment and theory for M > b in figure 13(a) is about as expected. 




Cross-Flow Drag Correlation 


The normal-force values of figure have been referenced to a 

dynamic pressure based on the cross- flow or normal Mach number and 
replotted In figure 13(b) as the cross-ficv drag coefficient (ref. 10) 
against the normal Mach number. This causes all the data to collapse 
into more or less one curve, still in agreement with Newtonian theory 
for % > 5-5 or k. It may be worth noting that the experimental Ct^ c 

is approximately constant also for % > 3-5 or 4. 


It is inte *sting to note that the cross-flow drag correlation and 
the Newtonian Theory are similar in that they are both be. <ed on the 
thesis that the momentum of the normal component of a supersonic air 
stream produces the force on a body of resolution immersed in the stream. 
They are dissimilar in that Newtonian theory utilizes a theoretical maxi- 
mum pressure coefficient at a = 90 ° to determine a pressure or force 
coefficient at angles other than 90 °, whereas "be cross-flow drag correla- 
tion utilizes an experimental pressure or force coefficient at a partic- 
ular angle of attack to determine an equivalent maximum force or pressure 
coefficient at a = 90 °. 


The experimental cross- flow drag curve of xlgure 13(b) can be used 
to estimate the normal force for a circular cylinder at any stream Mach 
number (greater than the normal Mach number) and the appropriate angle 


of attack by the triple relationships Mjj = M sin a. 


r\- * = 


and 
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CONCLUSIONS 


A wind-tunnel ir estigation of the aerodynamic characteristics of a 
group of ogi*/al-nose configurations with varying nose bluntness and a 
group of cylindrical-nose configurations with varying face shape in com- 
bination with afterbodies having fineness ratios of 1- 2. and 3 made 
Ui the Iangley high Mach number jet at Mach numbers of 2.37> 2.98* 
and 3.90 at angles of attack of 30 ° to $0° and resulted in the following 
conclusion!.;: 

1. In general, the noses were more dependent upon planform area 
than upon nose bluntness or face shape fo^* the magnitude of the nonnal 

force, particularly at the highest angles. 




2. The stability of and the nose -afterbody combina- 

tions appears to depend more on the distribution of the planforru area than 
on the nose shape or nose roundness; for this investigation the 
cylindrical- nose configurations were generally stable. 

3* '-The cross-flow drag, used to correlate the experimental normal- 
force data for a flat-face circular cylinder, accounted for angle-of- 
attacic effects and stream Mach number. 

The experimental data for three representative configurations 
were compared with the results of flat-plate Newtonian theory, Newtonian 
theory, and modified Newtonian theory (the ls.tt OT% tvc methods wro <r- 
nated as circular- cylinder methods); although none of the comparisor - 
were satisfactory, the unmodified Newtonian theory resulted in the best 
overall agreement. 


Langley Research Center, 

National Aeronautics and Space Administration, 
Langley Field, Va., May 27, i960. 
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Figure 1.- Continued 
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(c) Afterbodies. 
Figure 1.- Concluded, 
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Figure 3.- Concluded 















Figure 4*- Concluded. 











Figure 5*- Concluded 
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pressure of fineness -ratio -5 ogival and cylindrical noses with and without a fineness-ratio-; 
cylindrical afterbody. 



Figure 8.- Concluded 


















Figure 9-~ Concluded. 











Figure 11.- Effects of angle of attack on C m and C N for ogival noses (2r/d = 0.20; of varying 
fineness ratio with and without a fineness -ratio-2 cyl .idrica.l afterbody. 











Figure 11.- Concluded. 








(a) Pointed ogive. 2r/d =-* 0; i/d - 1^/d = 5- 
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(b) Hemispherical-face cylinder. d/2r =1; ?/d = ifl/d ~ 5« 
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(c) F4.at-r&ce cyl Cider. d/2r = 0; i/d - i^/d = 5* 

Figure 12- Experimental and theoretical normal-force coefficients for 

three fineness-ratio-*? noses representative of the present investigation. 



(a) Normal force for a flat-face circular cylinder. 
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(b) Cross -flow drag for a flat-face circular cylinder. 

Figure 13*- Correlation of experimental normal-force data for a flat-face 
circular cylinder using the cross-flow drag coefficients and the nor- 
mal Mach number. Flagged symbols represent data from reference 10. 
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